Seasonal variation in environmental conditions is ubiquitous and can affect the 27
spread of infectious diseases. Understanding seasonal patterns of disease 28 incidence can help to identify mechanisms, such as the demography of hosts and 29 vectors, which influence parasite transmission dynamics. 30 2. We examined seasonal variation in Plasmodium infection in a blue tit Cyanistes 31 caeruleus population over three years using sensitive molecular diagnostic 32 techniques, in light of Beaudoin et al.'s (1971) In tropical climates, avian malaria occurs year-round (Valkiūnas, 2005) , whereas studies 78 in temperate regions report consistent seasonal variation: a peak in prevalence during 79 spring or the breeding season, followed by a decline during winter (Applegate, 1971 spring and autumn in temperate areas (Valkiūnas, 2005) . Blue tits (Paridae) are small 120 passerine birds that take readily to nestboxes, laying eggs in spring with the peak of 121 broods hatching (in the south of England) in late April-early May. Chicks fledge 16-18 122 days later, with the last chicks fledging in early June (Perrins, 1979) . 123
124
In the present study, we take 15 th June as a biologically meaningful start to the sampling 125 year, because of (i) the addition to the population of many newly fledged young by this 126 time (all nestling tits had fledged by 15 th June), (ii) the age transition from first year 127 (previous year's nestlings) to older adults that occurs at this time, and (iii) the timing of 128 feather moult in blue tits, in mid to late summer. It is also difficult to catch blue tits at our 129 study site during late June and early July using mist-nets at artificial food stations, 130 resulting in a natural break in sampling at the beginning of our sampling year on 15th 131 The presence/quality of extracted DNA was assessed by electrophoresing 2µl of the 146 extract on a 2% agarose gel containing ethidium bromide, and visualising under UV light. 
, 1998). Sequences corresponding to 173
Plasmodium or Haemoproteus from known alignments were scored as positive for avian 174 malaria. Sequences corresponding to Leucocytozoon sequences were scored as negative 175
for the purposes of this study; while a study of the seasonal variation in Leucocytozoon 176 prevalence would certainly be of interest, the PCR test is not designed to amplify DNA 177 from these parasites, and is thus less efficient, particularly when either Haemoproteus or 178
Plasmodium are also present. Where possible, avian malaria sequences were further 179 characterised to the lineage level, with exact matches named as per existing lineages in 180
GenBank, whilst sequences differing by one or more base pairs from those in GenBank 181 were assigned new names. We report a new lineage, pBLUTI3 (now assigned GenBank 182 accession number DQ991069). Mixed infections were present at a low rate (ca. September/October, with a steep decline in infection in winter (Fig. 1) . 230 retained in the model: over the year as a whole, prevalence was 45% higher in older birds 234 (29.8±2.5%) compared to first-year birds (20.5±1.9%). Year, host sex and a linear date 235 function were not retained (Table 2a) . A residual plot of the final model describing 236 seasonal variation in prevalence (Fig. 2a) shows two prevalence peaks, one in autumn and 237 one in the breeding season in spring, with a marked drop in prevalence in winter. Similar 238 analyses, treating the morphospecies separately, produced contrasting results: the P. 239 circumflexum model retained a smoothed date function similar to that for pooled 240 Plasmodium ( Fig. 2b and Fig. 3) , and an age effect (Table 2b) ; prevalence was again 241 higher in older birds (17.1±2.1%) than first years (11.5±1.5%). P. relictum retained a 242 weak linear date function in preference to non-linear smoothed functions, increasing 243 gradually over the year, but with no age effect (Table 2c ). Analysis of morphospecies 244 prevalence by bimonthly periods (as in Fig. 1 ) retained parasite species as a model factor, 245 reflecting a difference in overall prevalence across the year (2-way analysis of deviance: 246 χ 2 =4.89, df=1, P=0.027) and significant variation between bimonthly periods (χ 2 =5.89, 247 df=1, P=0.015), but no interaction term. Analysing prevalence variation by of the 248 sampling year (seasons being four, three-month periods beginning on June 15 th ) also 249 retained species as a model factor (2-way analysis of deviance: χ 2 =7.70, df=1, P=0.0055): 250 importantly, the season*species interaction was retained (χ 2 =10.4, df=3, P=0.016), 251 indicating different patterns of seasonal variation in prevalence, at the level of three-252 month seasons, shown by the two Plasmodium morphospecies (Fig. 3) . 253 predicted response models, which use final models (Table 2) to predict the variation in 256 prevalence over a hypothetical range of daily sampling dates, an approach that is useful to 257 visualise complex non-linear variation in prevalence (Fig. 4) . The predicted response 258 models were judged to be a good reflection of observed prevalence data, because (i) 259 bimonthly prevalence (e.g. from Fig. 1 ) did not deviate significantly from the predicted 260 variation in prevalence shown in Fig. 4 (Fig. 4c) Considering subsets of these predicted prevalence models by age class showed that the 281 seasonal pattern of pooled Plasmodium infection differs markedly by host age (Fig 4a) . 282
All age classes show evidence of a post-breeding peak in Plasmodium in autumn, but 283 older birds show a more marked increase in prevalence in early spring. This indicates that 284 the age structure in seasonal variation in pooled Plasmodium prevalence between age 285 classes (Table 2a ) lies in the putative 'spring relapse' period. P. circumflexum showed 286 evidence for an autumn peak in prevalence, which was most apparent in first year blue 287 tits; notably an obvious spring relapse was absent regardless of age (Fig. 4b) . As 288 modelling of P. relictum prevalence retained a linear function in preference to a 289 smoothed date function (Table 2c) , and a poor fit was found between observed and 290 predicted P. relictum prevalence, examining predictive models subsetted by age is not 291 justified statistically for this morphospecies, so we may not draw conclusions from the 292 age-subsetted model of predicted P. relictum prevalence (Fig. 4c) . Only a linear date 293 function, and not age, was not retained in the modelling of P. relictum prevalence. This 294 linear date function, suggesting a slight increase in prevalence over the year (Table 2c) , 295
indicates that the prevalence of P. relictum is less seasonally variable than P. However, the two most prevalent avian Plasmodium morphospecies in our study 306 population showed different patterns of seasonal variation in prevalence: P. circumflexum 307 showed seasonal variation of a pattern similar to that for pooled Plasmodium, whereas P. 308 relictum prevalence was more stable. There was also clear age structure in the seasonality 309 of Plasmodium infection: first year birds showed a less marked spring relapse of 310
Plasmodium than older birds. The autumn peak in Plasmodium prevalence was largely 311 driven by P. circumflexum. As seasonal patterns vary between age classes and between 312 different Plasmodium morphospecies, we reject Beaudoin et al.'s model as it is not robust 313 to the underlying complexity of the blue tit-Plasmodium interaction in this population. 314
315
Following the post-breeding/fledging phase in June, blue tits showed a peak in prevalence 316 of pooled Plasmodium (and P. circumflexum) in autumn (Figs. 2, 4a&b ). This October 317 peak might result from new transmission to previously uninfected birds, rather than a 318 relapse of previously infected birds, which could result either from a reduction in herd 319 immunity or the addition of immunologically naïve juveniles into the population during 320 the breeding season (Altizer et al., 2006) . The October Plasmodium/P. circumflexum 321 prevalence peak seen in first-year birds (Fig. 4b) necessarily represents new transmission,  322 infected. This post-fledging period is considerable a gap in our knowledge of the ecology 324 of tits: after fledging, they are not easily trapped, so causes of the high rates of post-325 fledging mortality are poorly understood (Perrins, 1979) . Assessing the impact of avian 326 malaria on the survival of juveniles presents an important challenge. 327
328
In winter, the prevalence of pooled Plasmodium infections and the P. circumflexum 329 morphospecies declined dramatically in both first year and adult birds, most likely due to 330 a cessation of transmission and decline of existing malaria parasites from the blood, with 331 negligible blood stages surviving the winter. P. relictum was also absent in winter, but 332 present at a stable prevalence for the rest of the year (Fig. 4c) . Avian Plasmodium spp. 333 survive the lack of transmission during the winter by remaining in host tissues 334 (Valkiūnas, 2005) ; our use of sensitive PCR-based screening methods in this study 335 suggests that Plasmodium infections were indeed absent from the blood during in 336
November and December (Fig. 1 by the markedly different seasonal patterns shown by P. relictum and P. circumflexum 340 (Fig. 3) . variation in Plasmodium prevalence between age classes in our blue tit population (Fig.  360 4) suggest that the age structure lies in the spring relapse: pooled age classes showed an 361 autumn peak in prevalence, but older birds had a more marked spring peak than first-362 years (Fig. 4a) . From February to the breeding season, prevalence increased steadily in 363 first-years, but more rapidly in older birds. Although young birds breed later than older, 364 more experienced, birds, the difference in breeding time is small (2-3 days) so is unlikely 365 to account for the large discrepancy in relapse between age groups. Examining the age 366 structure of infection by morphospecies revealed that the pattern seen in pooled 367
Plasmodium prevalence was due to seasonal variation between both morphospecies and 368 first years (Fig. 4b) , and our data hint that the spring relapse in pooled Plasmodium may 370 be attributable to P. relictum in older birds (Fig. 4c) . 371
372
The different seasonal patterns of prevalence between these two Plasmodium 373 morphospecies suggest that P. circumflexum transmission may benefit from the post-374 fledging peak in numbers of immunologically naïve individuals or a reduction in herd 375 immunity. Potential spring relapses of P. relictum in older birds may represent lineages 376 transmitted only before the eggs hatch, and so not transmitted to first years after fledging. 377
Given that P. relictum is the most ubiquitous and least host-restricted of the avian 378 Plasmodia, one may speculate that it has a more successful transmission strategy than P. 379 circumflexum. This hypothesis would be supported if spring relapse in P. relictum but not 380 P. circumflexum was confirmed by further study, as P. relictum gametocytes are more 381 infective to vectors in spring than in autumn (Valkiūnas, 2005) . The higher infectivity of 382 P. relictum in spring coincides with the arrival of migratory bird species and precedes the 383 increase in the host population, potentially facilitating the parasite's spread and 384 persistence. Such speculation requires improved knowledge of the ecology of avian 385 malaria in resident and migrant birds at Wytham. The autumn peak in Plasmodium 386 prevalence, particularly in P. circumflexum, coincides with a peak in the post-fledging 387 dispersal of first year birds, presenting an opportunity for malaria parasites to disperse 388 with their hosts; older birds, having already bred and held a territory, disperse less far 389 than first years (Perrins, 1979) . The epidemiological consequences of age-structure, both We found no evidence that the seasonal pattern of infection differed between years (Table  413 2), although the possibility of annual variation in seasonal patterns is suggested by 414 The estimated effect of the smoothed function of date on prevalence is shown, controlling 485 for other model effects (e.g. host age, see Table 2 ). Generalized additive modelling 486 (GAM) was used to incorporate potential non-linear variation in prevalence (see 487 Methods). Note the marked peak in prevalence in October-November, a reduced 488 prevalence in mid-winter (December-January), another peak in prevalence in early spring 489 These plots follow the rationale in Fig. 3 ; predicted prevalence is shown for (a) 505
Plasmodium infection, (b) P. circumflexum and (c) P. relictum, by age category to 506 illustrate the age structure in infection (Table 2) : (i) age classes superimposed, (ii) all 507 ages, (iii) first years and (iv) older birds. Smoothed date function and host age were not 508 retained in the modelling of P. relictum prevalence, and therefore is shown here (Fig. 3c) 
(iv) Older
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